The U.S. West Coast groundfish trawl fishery currently operates under a variety of management measures designed to rebuild depleted rockfish (Sebastes sp.) populations. Regulatory measures can shift or reduce trawling over seafloor habitats and thus act as a tool to protect the longterm sustainability of groundfish by conserving Essential Fish Habitat (EFH) from fishing impacts. Our analysis reviews the spatial and temporal extent of trawl fishing effort over the Pacific coast seafloor in the framework of complex fishery management from 1999 to 2004. Coastwide trawl effort declined over these years, yet the remaining fishing effort changed in spatial extent and intensity and shifted between habitat types. The proportion of annual trawl effort on the continental shelf has increased. In recent years, trawl fishing effort has intensified along boundaries of depth-based spatial closures. This study emphasizes the benefits of increasing the spatial resolution of fishery data to better understand how fishing impacts on habitat are minimized, identifying locations of potential habitat recovery, and the implications of fishery management measures on EFH conservation.
Introduction
Regional fishery management councils are responsible for drafting fishery management plans to describe and identify Essential Fish Habitat (EFH) and address adverse effects of fishing on EFH, to the extent practicable and based on the best available science (Magnuson-Stevens Fishery Conservation and Management Act 1996) . The incorporation of EFH provisions into fisheries management has been challenging (Rosenberg et al. 2000) , but remains a critical component for the recovery and long-term sustainability of depleted rockfish species and other habitat-associated groundfish. Rockfish are associated with hard-bottom, high-relief rocky areas (Love et al. 2002 , McCain 2003 which are particularly sensitive to fishing impacts from mobile trawl gear that reduce habitat complexity, biogenic structures, and benthic community diversity (Auster and Langton 1999 , Kaiser et al. 2002 , NRC 2002 . It has also been suggested that this loss of essential fish habitat is equivalent to increased mortality on the stocks that utilize these habitats (Mangel 2000) . The reduction of bottom trawling over these habitats is an important outcome of fishery management to achieve a degree of EFH conservation for depleted rockfish.
Groundfish bottom trawling off the U.S. Pacific coast operates under a host of management measures aimed at reducing the catch of depleted rockfish species, but rarely are these measures evaluated as to their benefit or impact on EFH. Some of these management strategies were solely designed to reduce bycatch of depleted species, while others in recent years intend to spatially shift fishing effort away from depths where depleted species are thought to be most abundant. Understanding how management strategies, including in-season management, gear modification, and depth-related spatial closures, influence either the spatial extent or intensity of trawl effort over different seafloor habitat types, provides the connection for evaluating the extent and severity of fishing impacts. Similarly, this understanding also provides fundamental knowledge of where and to what degree recovery from fishing impacts may be occurring for rockfish EFH.
The objectives of this study were to (1) increase the spatial resolution of trawl fishing effort data on a coast-wide basis (Washington, Oregon, and California) to obtain a better understanding of where fishing impacts occur and where habitat recovery from impacts may be occurring, (2) identify significant fishing effort shifts (extent and intensity, by habitat or depth), and (3) evaluate the role of recent depthrelated spatial closures for habitat conservation and the habitat implications of resulting shifts in fishing effort.
This analysis combines three types of data: the spatial distribution of trawl effort, seafloor habitat maps, and spatial management measures. The spatial scale (resolution) of data required to examine trawl effort shifts and methods of analyses were initially defined and tested through previous research (Bellman et al. 2005) . Trawl towlines, modeled as a straight line between the tow start and end location, demonstrated a substantial improvement in the resolution of fishing effort data relative to the use of start point locations alone. The towline model was initially used to demonstrate that the 2000 Pacific Fishery Management Council footrope restriction, with associated landing limits, effectively reduced trawling over Oregon rocky banks. The use of towlines enhanced representation of spatial fishing patterns to detect changes or shifts in fishing patterns and provided a measurable metric for trawl effort or intensity. However, trawl end point location information did not yet exist in electronic databases for the creation of towlines to review effort shifts on a coast-wide basis over multiple years.
Seafloor habitat maps have been compiled by Goldfinger et al. (2003) and Romsos (2004) of both geologic (surficial lithology) and geophysical (physiography) data off the Washington and Oregon coast and by Greene and Bizzarro (2003) of geophysical data off the California coast, using a classification code modified after Greene et al. (1999) . In this study, the structural substrate component is used as a proxy for associated fish communities (Hixon et al. 1991 , Stein et al. 1992 , Yoklavich et al. 2000 and does not encompass other ecological or abiotic factors defining fish habitat.
Spatial information associated with recent management strategies, including depth-related closures, has not been readily available in a format for spatial analysis or review. However, the tracking and processing of this spatial management data is essential to those agencies responsible for carrying out fishery management objectives. Depthrelated spatial closures are referred to as Rockfish Conservation Areas (RCA). Boundaries differ between latitudinal areas along the Pacific coast. RCAs have associated gear regulations, such that large footrope configurations are only allowed west of the closure and small footrope configurations are only allowed east of the closure. Each winter from approximately November to February, the westward boundary of the trawl RCA is modified to open particular fishing grounds to allow for targeted fishing of petrale sole (Eopsetta jordani). We assembled spatial management information for the RCA closures into a format that allowed us to review different management efforts and the spatial distribution of trawl fishing effort on the Pacific coast.
This study resolves the deficiency in coast-wide fishing location information, utilizes the most updated data available on seafloor habitat, and provides a synopsis of spatial fishery management. The resulting information and data of trawl fishing effort, spatial management measures, and seafloor habitat areas experiencing change represent the best available science for informing decision-making and evaluating the implications of management decisions for rockfish EFH. It also provides the basis for identifying specific locations where habitat impact and recovery studies can be conducted.
Methods
Logbook data were obtained for the limited entry (LE) groundfish trawl fishery (1998) (1999) (2000) (2001) (2002) (2003) (2004) ) from state databases maintained by the Oregon Department of Fish and Wildlife, the Washington Department of Fish and Wildlife, and the California Department of Fish and Game. Traditionally, only tow start locations, referred to as the set of a tow, have been entered into electronic databases from the paper logbooks completed by fishermen. Through our previous work with the Oregon Department of Fish and Wildlife (Bellman et al. 2005 ), a subset of tow end locations, referred to as the haul of a tow, were entered into the state database and provided the key for improving the spatial resolution of trawl fishing effort. Subsequently, Oregon and Washington state agencies began entering all tow haul locations in 2003 and Oregon elected to enter several additional years of haul location data retroactively (concluding with 1999). The California Department of Fish and Game had begun entering tow haul locations in their state database in 1997 and these were readily available in an electronic format. Therefore, our data retrieval efforts focused on manually retrieving tow end locations for 1999-2002 from paper logbooks held by the Washington Department of Fisheries and Wildlife. This provided complete annual fishing location information on a coast-wide basis from 1999 to 2004.
Logbook data were then processed to create a single logbook record corresponding to each individual trawl tow, which included information pertaining to the vessel, date, time, and location of tow, the gear used, and the catch. Logbook records were removed from the analysis if the fisherman used mid-water or Danish seine gear, the tow haul was reported as the exact location of the tow set, or if either the set or haul location were incorrectly noted over a landmass. Logbook records that did not contain haul location information were also removed from the analysis.
Spatial analysis and mapping were conducted with ArcGIS Desktop version 9.1 (Environmental Systems Research Institute, Redlands, California). Trawl towlines were created using a Visual Basic script that draws a straight line from each set location to each corresponding haul location. Trawl towlines were removed from the analysis if they overlaid a landmass, extended beyond a depth of 2,000 meters, extended outside of the Exclusive Economic Zone (EEZ) of the United States (0-200 miles), or if projected vessel speed was greater than 5 knots (1 nautical mile = 1.85 km).
Seafloor habitat polygons based on surficial lithology (boulder, gravel, mix sand/gravel, mud, rock, rock/sand, sand, sand/mud, tuff) mapped off of Washington and Oregon (v1.5.2: Romsos 2004, Goldfinger et al. 2003) , as well as coast-wide geophysical habitat type (Greene and Bizzarro 2003) , were used to compute the geometric intersection of trawl towlines and the seafloor habitat where that fishing occurs. Results for coast-wide geophysical habitat types were grouped into basic categories (shelf, slope, basin, ridge) and subcategories (rocky, sedimentary) to simplify the original 37 separate geophysical habitat descriptions. An overlay of trawl towlines across seafloor habitat type subsequently split each towline into multiple segments at each habitat boundary and joined the attributes of the underlying habitat type to each towline segment. The length of each resulting towline-habitat segment was measured and segment lengths were then summarized according to habitat type annually or within in-season management time periods. Temporal patterns of trawl towlines were examined through the production and review of video files using the Tracking Analyst extension based on two-week time frames.
To observe the spatial shift in fishing effort between years or between management time periods, trawl towline layers were converted to a continuous surface (raster) layer based on line density and then subtracted between time periods to observe areas of increased and decreased fishing effort. A kernel density calculation per square kilometer was used with a 3 km search radius and an output cell size of 1 km 2 . Depth-related spatial management measures (2002) (2003) (2004) were compiled from the Federal Register and tabulated for review and analysis. Coordinate files related to these measures were obtained from the NOAA Northwest Regional Office and verified against the information published in the Federal Register. Polylines for each depth boundary were created and these boundary lines (≤6 polylines) were then used to create a single coast-wide polygon for each particular configuration of the closure area. Seafloor habitat data were extracted (using a clip function) for the area entirely within closure area boundaries and the attributes of the underlying habitat type and closure were joined. The area of each resulting habitat-closure polygon was calculated and summarized by habitat type to evaluate the spatial extent of each management closure configuration.
Patterns of trawl towlines were reviewed in both a spatial and temporal context related to the closure areas by dividing them into time periods during which each closure configuration existed, summarizing by geologic habitat (based on the previous towline-habitat overlay), and normalizing the results to effort (km towed) per day.
Fishing effort resulting from exempted fishing permits (EFP) was difficult to identify due to the fact that this effort is included in state agency databases, but the databases contain no identification field to separate them from regular trawl tows. EFP trawling is often governed under very different spatial and catch limit regulations and can be allowed within areas closed to the remainder of the fleet. In 2003, Oregon and California participated in an EFP to test selective flatfish trawls (68 FR 19518, 68 FR 32731) and Washington participated in an EFP to test net configurations to selectively harvest arrowtooth flounder (Atheresthes stomias) while avoiding overfished rockfish species (68 FR 4162). In 2004, California again conducted an EFP for a selective flatfish net and small footrope configuration (69 FR 51812). Washington participated in several 2004 EFP trawl fisheries, one for testing an experimental net for selectively harvesting arrowtooth flounder and another to identify gear configurations for more selective harvest of nearshore flatfish species in the nearshore using a large footrope (69 FR 2324). Initial efforts were made to identify which vessels participated in the 2003 EFP fishery during which time period, such that all tows made by those vessels during the EFP time frame could be removed from the analysis of 2003 data. This alone did not accurately identify all of the targeted trawl fishing effort within the closed areas. Therefore, trawl towlines that were completely contained by the closure boundaries were assumed to reflect EFP trawl efforts and were selectively removed from the towline-closure area analysis in both 2003 and 2004.
Results
Overall trawl effort (distance trawled) declined coast-wide from 1999 to 2004 (Table 1 ), yet the remaining fishing effort shifted between habitat types over time. Analysis of coast-wide fishing effort demonstrates that the majority of annual trawl effort occurs in sedimentary continental slope habitat, followed by sedimentary continental shelf habitat. Trawl effort patterns over hard habitat on both the continental shelf and slope fluctuate each year. Trawl effort over hard continental shelf habitat decreased sharply in 2000; although it rose again in 2001. The proportion of annual trawl effort that occurred on the continental shelf decreased slightly in 2000 and has been rising since that time. The highest proportion of annual trawl effort over both sedimentary and hard continental shelf habitat is observed in 2004 and 2004 , the increase in proportion of annual trawl effort on the continental shelf correlates with a decrease of effort on the continental slope.
In Washington and Oregon offshore waters, annual trawl effort is greatest in mud habitats, followed by sand, and then sand/mud (Table  1) . Trawling in sand habitats was higher in the last three study years The ratio of annual trawl fishing effort to geophysical and geologic habitat type can highlight trends relative to differences in the total area of each habitat type ( Figs. 1 and 2 ). The proportion of trawl effort in areas of hard habitat on the continental shelf and slope is lower in comparison to the proportion in soft habitats. Off Washington and Oregon an increasing trend in the proportion of trawl fishing effort in sand habitat is evident (Fig. 2) . Also, the proportion of trawl effort in habitat types with very minimally mapped areas can emerge much higher, such as the case with sand/mud and boulder, or have more erratic trends (e.g., rock/sand).
A compilation of 2002-2004 limited entry (LE) trawl fishery management measures established distinct time periods of in-season management changes that were not solely based on increases or decreases in catch limits. The changes in management measures between these periods were specifically intended to produce particular changes in the spatial distribution of fishing to reduce catch of depleted species.
In July and August 2002 (two months of high fishing effort during summer fair-weather conditions), a measure was passed to avoid catch of darkblotched rockfish (Sebastes crameri) that required all LE bottom trawling north of 40º10'N to use a small footrope configuration (≤20.5 cm diameter; 67 FR 44778). This corresponded with a major shift of trawl fishing effort onto the continental shelf. From September 1 to September 9, all bottom trawling north of 40º10'N was closed in an effort to further protect darkblotched rockfish. For the remainder of the year, LE trawling south of 40º10'N was prohibited for all groundfish except for deepwater complex, minor slope rockfish, and specified flatfish and grenadier taken incidentally in those fisheries.
The first depth-related spatial closure north of 40º10'N began on September 10, 2002, and had boundary lines approximating the 100 and 250 fathom (~183 and 457 m) contours. This created the Darkblotched Rockfish Conservation Area (DCBA) (67 FR 57973). Until September 30, trawling was also prohibited shoreward of the 100 fathom boundary due to concerns about incidental catch during this time period. When fishing re-opened shoreward of 100 fathoms in October and for the remainder of the year, a small footrope configuration was required along with reduced flatfish limits during October to keep incidental catch of darkblotched rockfish to a minimum.
Depth-related closures continued and are now referred to as Rockfish Conservation Areas (RCA). In this study, we focused on RCA closures north of 40º10'N ( Table 2 ). In 2003, the spatial configuration of RCA closures changed eleven times, both due to coordinate corrections and actual changes to depth boundaries. The majority of coordinate corrections did not appear to have any effect on fishing effort in the area of correction, with the exception of the July coordinate correction to the 75 fathom boundary line off the Washington coast. This boundary correction created access to a sizeable area of the seafloor and in response an increase in fishing effort was observed. Shifts in fishing effort away from petrale sole fishing grounds were clearly seen when these areas closed between February and March. Fishing effort began increasing at this time east (shoreward) of the RCA boundary with many targeted fishing patterns along the eastern boundary line. When the eastern RCA boundary moved to the shoreline in May, fishing effort focused on the continental slope. When the western RCA boundary shifted at the end of May from 250 to 200 fathoms (457 to 366 meters), new areas of effort developed consistently along the western boundary line (Fig. 3B) . A shift of the eastern RCA boundary from 50 to 75 fathoms (91 to 137 meters) in July resulted in only very small changes in targeted patterns along the eastern boundary area, but did not appear to substantially shift effort into the larger extent of area which had opened (Fig. 3A) .
During the initial 2004 RCA closure from 200 to 75 fathoms (western boundary modified for the winter petrale sole fishery), trawl fishing effort was focused west of the closure. When the closure moved to 200-60 fathoms in March, patchy fishing effort along the boundary began east of the RCA. In May, the RCA changed to 150-60 fathoms and fishing effort increased significantly in the area between the previous western boundary and the new western boundary; from 200 to 150 fathoms. At that time, there was also a large increase in fishing effort east of the RCA, primarily off the coast of Washington and the northern tip of Oregon. The next RCA closure (150-75 fathoms) began in July and an increase in fishing effort was observed between the previous and new eastern boundary, from 75 to 60 fathoms, and also in large, broad patches off of Washington and in areas to the north and south of the Columbia River. Fishing patterns west of the RCA remained much the same. In October, trawl effort declined and was focused exclusively west of the RCA configuration (250 fathoms to the shoreline) for the remainder of the year.
Trawl fishing effort (km towed per day) observed during each RCA time period varied as to the amount of different geologic habitat types trawled (Table 3) . During 2002 from July 1 to August 31 when small footropes were required for all LE trawling, trawl effort was at its annual highest over sand, rock, and boulder habitat, with a decrease in fishing effort over mud. In 2003, the highest fishing effort in rock and boulder habitat occurred during March and April when RCA boundaries were 250-100 fathoms. However, the highest effort in sand habitat occurred from May through August when RCA boundaries were 200-50 and 200-75 fathoms. In 2004, the highest annual effort in sand habitat occurred from May through September when RCA boundaries were 150-60 and 150-75 fathoms. From July through September (RCA 150-75 fathoms), the highest annual effort in rock and boulder habitat took place as well.
The percentage of each geologic habitat type (Washington and Oregon) enclosed within specific RCA closure boundaries is summarized in Table 4 . The largest spatial extent of RCA closure takes place when the eastern RCA boundary is moved completely to the shoreline. This results in significant coverage of seven of the eight geologic habitat types; over 87% of each habitat area is enclosed within its bounds. The exception is mud habitat, which is prevalent deeper than the western boundary of the RCA, with habitat area coverage at 30% maximum. Rock habitat within the closure area is greatly dependent on where the eastern RCA boundary is drawn. When the eastern boundary is set at 50 fathoms depth, 60% of the rock habitat is covered. When the eastern boundary is drawn at 60 fathoms, 51% of rock is covered, and when it is drawn at 75 fathoms depth, only 23% of rock habitat is included within the RCA. The RCA coverage of boulder habitat areas, located primarily off the state of Washington, is heavily dependent on interpretation of the coordinates and information published in the Federal Register. Areas found along the boundary of the Exclusive Economic Zone of the United States at the Canadian border are the most difficult to decipher in terms of where to draw actual RCA boundary lines from the published coordinates. The boundary interpretation in this study is believed to be legally accurate, but we also acknowledge that there is some spatial uncertainty as to which boundary interpretation the trawl fleet operates under.
Discussion
Both the spatial extent and intensity of fishing effort play important and separate roles in the study of fishing impacts to seafloor habitat (Jennings and Kaiser 1998 , Auster and Langton 1999 , Johnson 2002 . The same fishing effort over a larger area will have a different impact from when it intensifies in a smaller area. Although there was an overall decline in trawl effort over the years of this study, the remaining effort changes in both spatial extent and intensity over time and in response to management measures. Trawl fishing effort (distance trawled) over the continental slope habitat did not change substantially between 2002 and 2003, yet the spatial distribution of 2003 fishing effort intensified in particular areas on the slope. One should exercise caution when comparing trawl fishing effort on the continental shelf between 2002 and 2003. The substantial increase in fishing effort on the shelf in JulyAugust 2002 confounds the calculation of strictly interannual effort shifts, which display decreased areas of fishing effort on the shelf in 2003. These are clear indications that the review of spatial extent is an important step for consideration of fishing impacts, rather than solely quantifying a fishing effort metric.
When fishing effort is displaced, it can shift into otherwise lightly fished areas (Rijnsdorp et al. 2001 , Holland 2003 or intensify effort within traditional fishing grounds (Larcombe et al. 2001) . Overall, the influence of RCA closures resulted in trawl fishing effort patterns (59) per day (61) per day (27) per day (34) per day (62) per day (61) per day (20) per day (41 intensifying along RCA boundary lines, consistently in many areas along the western boundaries and often in a patchy manner along the eastern boundaries. Fishing effort did not necessarily change in proportion to the area opened or closed to trawling. Our results are in agreement with the outcomes of an outreach study conducted in fishing communities along the U.S. West Coast, where fishermen stated that vessels fishing shoreward of the RCA have experienced a compression of their historical fishing grounds and seen an increase in fishing effort along the eastern boundary areas of the RCA (Bloeser et al. 2005) . The proportion of coast-wide annual trawl fishing effort on the continental shelf has been rising in recent years. The highest trawl effort on the shelf normally occurs in the summer months. During this time frame, RCA closures have restricted fishing grounds on the shelf to shoreward of the eastern boundaries (75, 60, or 50 fathoms) and can greatly influence the intensity of potential fishing impacts. Increased trawl effort on the continental shelf is also reflected in higher efforts in sand habitat, which is found almost exclusively on the shelf. Interactions or conflicts with other fisheries (pot, trap, etc.) conducted on the shelf may also result from this trend.
It is a commonly held assumption that seafloor habitats are protected from fishing impacts through the establishment of areas closed to fishing, although fishery management did not have any stated objective for habitat conservation at the time the RCA closures were established. The changes to RCA boundaries have been used as an adaptive strategy for in-season management in an attempt to reduce catch of depleted species such as canary rockfish (Sebastes pinniger) north of 40º10'N and bocaccio (S. paucispinis) to the south, but this management strategy has not been evaluated in the context of EFH. Although large areas off the Pacific coast may be experiencing little or no impact from trawling, it does not necessarily mean that prime EFH for these and other depleted species is being protected through the RCA closures. Impacts from exempted fishing permit trawling within closure areas should be considered as well, and steps should be taken to ensure our ability to identify these tows in electronic databases.
In addition to any rock habitat protections afforded by gear restrictions, RCAs continue to offer protection for rock habitats from the impacts of trawling. This protection ranges from as little as 6% of total rock habitat up to 98%, depending on where the eastern boundary is set at any given time. Relatively small differences in depth-based boundaries can greatly influence this coverage, as demonstrated by the 200-75 fathom configuration covering 23% of total rock habitat versus the 200-50 fathom configuration covering 61% of total rock habitat. If these closure areas are considered in terms of habitat protection in future management decisions, careful consideration should be given to the selection of boundaries to ensure coverage of the desired EFH.
It is important to acknowledge that trawl fishing efforts are influenced by other concurrent factors, such as market conditions, weather, fuel prices, etc. A program to reduce excess capacity in the U.S. West Coast groundfish fleet, referred to as the buyback program, has played a role in further reducing fishing effort when accepted bidders' vessels permanently stopped fishing in December 2003. In the U.S. West Coast groundfish trawl fishery, it is very difficult to distinctly separate the impacts on trawl effort distribution of reduced trip limits, gear regulations, and large depth-based spatial closures due to the complexity of current groundfish management. Our results provide an initial overview of trawl fishing effort distribution in relation to seafloor habitat in the context of complex management measures.
As fishery management on the West Coast moves toward the use of spatial strategies, the importance of reviewing and evaluating management measures in a spatial context is increasing. Now that the importance of increased spatial resolution from trawl fishing effort data has been demonstrated, state management agencies have been able to adapt their policies and databases to incorporate tow end location data for future analyses. It is also important at this time to educate the fishery management community in the data requirements for spatial analyses, the methods used, and increase general understanding for interpreting and utilizing finished products. One such application has already been demonstrated, as these data were used for analyses to support consensus decision-making during the process of selecting preferred alternatives for the Groundfish Essential Fish Habitat Environmental Impact Statement (EFH-EIS) (NOAA Fisheries 2005) . The outcomes of this study further the objectives of the EFH-EIS process by providing a better understanding of fishing effort in relation to seafloor habitat and can be used to formulate alternatives for minimizing fishing impacts to habitat. In addition, improved fishing effort information can now be used to identify areas of potential habitat recovery so that we may better understand the history of fishing impacts. mendations are those of the authors and do not necessarily reflect the views of the National Marine Fisheries Service.
